Higher-order abstract syntax with induction in Coq by Despeyroux, Joëlle & Hirschowitz, André
HAL Id: inria-00074381
https://hal.inria.fr/inria-00074381
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Higher-order abstract syntax with induction in Coq
Joëlle Despeyroux, André Hirschowitz
To cite this version:
Joëlle Despeyroux, André Hirschowitz. Higher-order abstract syntax with induction in Coq. [Research









appor t  
de  r ech er ch e 
1994
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Higher-order abstract syntax with induction in
Coq










!#"$%&#' )(*+ ,' .-/10






























ûjü ÕVØ¡øÜøµØ~â é'Øoíß×Øoù§Ù®Õlë'ý'þ¦í;Õl×VÞ'ÚµÖVâ ÚÜÛ'ÙjÚµÖ'â ãÜÙlâ_äjÿì¦äjê VÕl×'Þ'ÚµÖ
ûZûoÖlÛ\éVÙ¡Ø%â Þ'ÚÜÙ¡í:á;Þ'Õ4ÚµÝlþ¦í;Õl×VÞ'ÚµÖVâ ÚÜÛ'ÙjÚµÖ'â ãÜÙlâ§å4ÿìzô¦ìê=ú
	'îVô¨Û'Úµó%ØÙ®íßÚµÝjù&Õlã@ÿ¨ÚµáZØ%î ú
	ÿöÚµáoØå4Øoé'ØZýVîVÙ¡ÖlÛ\áZØ
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 q 
! ª¦	 % o		 (
	&(	 q



































































woa%XZ`A d>V 7 Y rsma%xi§Ya^'m





























rsm&`^\aY'¦woa~Xo`1mY'¦w¡n9va VZLQYZW[L ­ Y]w^Qh|h4mok4io>woa%XZ`1m^'XZailY]x©]a%x@rsa%x9w^'x¤&ac^V©]acwZYyXZk@hsa
Y]k@wal@Y\wZrjiwoa%XZ`1m
wo@XZY\k@[]·^>v@Xoar«i~^'woa 3P Y'w¡n9va P5W VVULZYUW|LQYUWUy! /_ ­¦²rsx^Qh|hsn9u
¤&a
^V©\a










































' +ou4  ¢^Qx>al@r|mZwom~ J' + ¢~­@¼£a^'hsmoYY\`>rswwo@a
w¡n9v4arsx9:Y\XZ`^QworsY\xrsx1woSa ^'wliZ= Z .-0/2123 o«4!5 ¢o¢
^Qx>r|xf&Y@t  m+Y]p\}lailwzat]k^'hsrsw¡nqY\x¬9a%wom .-0/61 ² ¢~­













;=?A@BDC9E FGHGDC  O y  }T  PZW!  Q]PRT  AW!  Q]*PD_#_7T"  AW#  W#  ~d
$ %Å ''&:Ä(% 
%Å  @'')+*+@rsmy9aVilhj^'X_^QworsY\x¸[\a%xSa%X_^Qwoa%mVu:Y\Xwoa%XZ`1mYQcw¡n9va-,§¡upY]wo·^ ^'wliZ
Y]va%Xl^'wZY\X^Qx>wo@az:Y]hsh|Y'¤rsx@[
rsx9k4ilworsY\x¬v@XZrsxilrsv@hsa\u@^V©\^'rshj^'pSh|a&;Y\X&Y\p\}lai§wcv@XZYYQ:m8
. T/  AW Uy! /_ d
V0.  T  P/diV Vy1   YYY
W V0.
UT"  ~dV2Y\WcV VtPR3YYY
W V0.PST"  d VIPYQW3.










=?>G@s>G'A PR PD_#_7T1.B`T  ~d .PCD4 T/  ~dFE­VVPRG,Y\OVPD_#_}PH4.YY/d
=?>G@s>G'A PR PRT1.PCI4 T/  dAVVPR¨PYZO VtPR34/YYZW[P3O4Dd









A T/  ~dAVMR PQSIT U QT
VMV Vy    YV#Y   T  P/d>Vy    Y
VMV VPR3WYVY  W T/  ~d  TX`T  ~d>VPRYWY













;=?A@BDC9E FGLaZGb=E CE @*=UxP  T  PZWc  AW Uy ._
OxP y1 7T1.  CDR T  P/dVRed  YQWcVxP  Vy  RYY
]AxP tPRT1.  T  P.d .B`T  ~dVxPVMf  YYZW VxP  VtPR3YY








xP   x y1 T'.  C.RT  P.dVxP  Vy1 nRYY\W VR d  Y
xP   x PRT1.  T  P.d .BbT/  ~d>VxP  VPR3YY\W VxP  7VMf  YY








































$ %Å ''&:Ä(% 
%Å  S¯')+*+Sa1v@XZa%©9r|Y]k@mq9ailhj^'Xl^'wZr|Y]x·[]a%x@a%Xl^'woa~mu;Y\XwZa%Xo`>myYQcw¡nv4a6fupY]wo ^
^Qw_iZY]va%Xl^'wZY\Xc^'x41wZ@az:Y\hshsY'¤rsx@[
rsx9kilwZrsY\x¬v@Xorsxi§r|vSh|a]u@^V©\^'rshj^'p@hsa&:Y]X+Y]p\}lailwzv@XoY9Y';m8
. T*LnW Uy! /_d
V0.  TaxPydV V3Py  YYY
W V0.
UT4VxPyUWXLQY/dV0.  TxPyDdiV-VM  YYY\W V VLZPR3YYY








=?>G@s>G'A LQPR PD_#_7T .
UT4VxPyUWXLQY/d .PCD4 T*LdEVVLZPR3Y\O V^_#_7P[4.YY/d
=?>G@s>G'A LQPR PRT'.PCg4 TVxPybW[LZY/diVVLZPR¨PYZOVLQPRG4/YYZW VP3O 4.Y/dUdDdDd














;=?A@BDC9E FGLaZGb=E CE @*=   T*L W[LnW Uy! /_
O   xPyUT1.  T*xPyd>VM 0VePy  YbVUPy  YY
]   PRT .PCI4 T*VxPybWXLQY/d>V0.  TaxPyDdVM   VP  YbVP  YYY
W VM 0VLZPR¨PYbVLQPR¨P  YY














=?>G@s>G'A LQPR PD_#_  `T .
UTAVxPybWXLQY/d .PCD4 T*LdEVM   VLQPR3YbV^__7P[4/YY/d
=?>G@s>G'A LQPR PR  `T'.B'Cg  T*VxPybW[LZY/d>VM ±VLZPR3YbVLQPR3  YY













?&®~'"*@¼£azmors`1v@hsnq9al´xSahsr|mZwomwZ@XoY]k@[\Z8 aQGgbi=E C9E @4= "¡O  ^T"f /d  PZW^3d







=?>G@s>G'A S   SDPy SyQT1.^T"f .d .*iTAVQ^5Y/d
.  T  P.diV  YZOVMS  b^-VMSDPyU^ YbVMSy`^ iY  Y/d
¤Sr«iZ¬mowl^'wZa%m
wo^Qw^qhsrsmowrsmza%momZa%x9worj^'hshsn1wZ@a ,¬\ªYQrswZm oApq^'x41rswZm Ap9­@¼£a9Y>x@Y\wzmowl^'woar|w
^Qm&:Y\hshsY'¤m8
: =>G@s>G'A3KS   SDPy SybT'.^TFf ".d .*iT4V  ^5Y/d  OVMS4  b^-VMSDPyU^2Y VMS4y`^2YY/d
p4ai%^Qk@moa£wZ@a£v@XZYYQyY'wo@a£hj^'wZwoa%X¬mZw_^'wZa%`1a~xw>x@a%ammoY]`1aal@wZa%x@morsY]x^'hsrsw¡n ^V@rsY\`=uhsrs³\aªwo@a
:Y]hsh|Y'¤rsx@[Y\x@a*8














aQGgbi=E C9E @4=6 SO  \T  P/d A TAV
LZY/dV  ~Y/d
aQGgbi=E C9E @4=QPR O  UT*LZL­d A TAV  
LZY/dVLQPR V  W TxPydVMeVMS  UL V3Py WY  YYYY/d
aQGgbi=E C9E @4=U__SO  PC 4
TLZL­d A T*V"­LQY/dV^__0VP  Y VM4  YY/d
Sa%moaSr|[]@a%X®Y]X_9a%X1i§Y\x@mZwoXok4ilwoY]Xom^'XZawZ@a¬al^\ilw1i§Y\k@x9woa~Xov^QXow1YQwZ@a=ilY]x@mowZXokilwZY\XZm1Y'[,§­
Ç¡xa%a¨u4¤&a`¬^Vn al´x@ax4^'wokSX_^'hshsnqwoSawZX_^Qx@mohj^'wZrsY\x1XZa%hj^'wZr|xS[N,§^Qxnf fU8
;=?A@BDC9E FGLaZGb=E CE @*= 9yP  UT"  AW[LZL0W Uy! ._
O<yP   y1 T'.  T  P/d>VyP   Vy    YbV[   YY
]yP   tPR T .B5TF  ~d .
ATLZL­d>VyP    >YQWcVyP   VPRG,YbVZPR3YY
]yP   PD__T .P T  ~d .P  T*LZL­d>VyP  ePSP  Y\W
.B4 T  ~d".






k@mZa^¬`>Y@9r ´aª©\a%XZmorsY\x¸Y'wo@a>woX_^Qx@mohj^QworsY\x)[\rs©\a~x·^'p4Y'©\a\ursx©]Y\hs©9rsx@[1Y]k@Xy^\)SYiaVt\k4^'hsrsw¡n   
[]r|©]a%x¬pa~h|Y'¤uSrsx@mowZa^\>Y'+f&Y@t  mY\p\}lai§wcat]k^Qh|rsw¡n9­@²@Y]Xal^'`>v@hsa\u\wZ@a
´XZmowzXok@hsaYQ yP   ^'mwZYqpa
XZa^\^Qm8
yP   y 17T1.  T  P.d .BbT*LZL­d>VM    eV[   YYZW V9yP  Vy    YY ­












aQGgbi=E C9E @4=   bO  PCg4bTaLQLd .  T4V  
xPyY/d
VM 0VP}VRPD_7xPy3L3Py  YY/VM4`VRPD_7xPy3L3Py  YYY/d






aQGgbi=E C9E @4=   O  PCI4 TLZLd .  T4V
LZY/dVM 0VP  Y VM4  YY/d
=?>G@s>G'A      eT1.PCI4 TLZLdiVM  P[4.YQWcVM  eP 4/Y/d
	   <&<%qÄ  ÀK¨Ä'&¡VÀ9 ·c%Å  )À&<%ÅQ &;Ä9% :6"&<%"&<: jÀ(*\Ç¡wrsm+aV^'monqxSY'¤u'k@morsx@[woSac@rs[\Sa%X¡
Y]X_9a%X
ilY\xSmowoXZkilwZY\XomVu4woY19al´4x@arsx9ki§wors©\a%hsnqwZ@an!h,#7hD&woa%XZ`1mYQ6w¡n9va LZL 8
;=?A@BDC9E FGLaZGb=E CE @*= U  TLZL0W\s @
O U  y 17T1.  T  P.dV U V[1  YY
] U  PRT .B`TaLQLdiV U Y\W V U  VZPR;YY






. T*LZL0W Uy! /_d
V0.  T  P/d>V V[1  YYY
W V0.
UTLZLdiV Y\W V-VQPRG,YYY
W V0.PSTLZL­dVPYZW .B45TaLZL­dV54/YZW V-V	5_#_7P[4.YYY
W7.








;=?A@BDC9E FGLaZGb=E CE @*=UUP  ST1.  T  P/dLZL0W \s @
O3P y   T .  C4iT  P/d>Vd  YZW V3P  V[  ~YY
]A3P PRT .  T  P/d/.
bT*LZL­dVUP VMf  Y,Y\WcVeP    VQPR;YY
]A3P PD_#_7T .  T  P/d .PC4




ilY]`1v4Y\mZa¬^'mk@mZk^'h¨YQmZr 1wo@a%Y]Xoa%`>m­4cxSh|nqY]x@aYQ6woSa%`GxSa%a^HU  ^'mZmok@`>v@worsY\xQ8
=?>G@s>G'A LQPR PD_#_ xPy`T'.B`TaLZL­d .PCI4 TaLZL­dBE­VM  VZPR3Y5V	5_#_}P64.YY/d
=?>G@s>G'A LQPR PR xPyeT .PCI4 TaLQLd>V U 7PYZW V U 4.YZW
VM    VQPR¨PYbVZPR;4/YYZW VM    P[4/Y/d3dDdDd
@a>v@XoY9Y';mY'cwZ@a%moa¬wZ@a%Y\XZa%`1m`^'rsx@hsn¬k@mZa1woSa1rsx9©\a%XZmorsY\x£YQ   
 ^'x wo@a>moailY]x£rsx}§ailworsY]x
v@XZrsxilrsv@hsa=[]rs©\a%x^QpY'©]a\­&Ç¡x ^]@9rsworsY]x woY¸wo^QwwZ@a)v@XoY9Y'qY'wo@a%Y]Xoa%` f
o&% §o&% m*oAp k@moa%mªwo@a
:Y]hsh|Y'¤rsx@[h|a~`1`^e :¤@Y]moavSXoY9Y'rsm+mZwoXl^'rs[\9w¡;Y\Xo¤^'Xl@¢8
=?>G@s>G'A U      SO .
UTLZLdV U ,Y\W3.  CWT*V"­LQY/d>V0.  T  P.dV   YZOVMW  YY





=?>G@s>G'A      7T1.P TLQLdV U PYZW .B4bTLZL­d>V U 4.YZW











rsm^¬9ailrsmors©]aywZYY]hr|x)woSayv@XZY9Y'Y'+wZ@aywZ@a%Y]Xoa%`>mUo&% §o&%½^Qx 4 o#*u4¤@rjio£^'XZaywZ@aqY\xSh|n
Y]x@a%mc¤SYyx@a~a^0!h,#7hD^'mZmok@`>v@worsY\xQ8
=?>G@s>G'A QPR PD_#_T .
UT*LQLd .PCg4
T*LQLd
EVM    VQPR3YbV	5_#_7P[4.YY/d
=?>G@s>G'A QPR PRT1.PT*LQLd>V U PYZW .B4bTLZLdV U 4/Y





     



















=?>G@s>G'A yP   Ay ¡T .B`T  ~d .  T  P/d>VxP  Y
W /  TLZLdV3P    Y  V9yP     Y/d
=?>G@s>G'A yP   Ay y`T .
  T*LZLd .  T  P/d>VeP    Y
W /`T  ~d>VxP  ,Y7VyP      Y/d
=?>G@s>G'A yP   ty`T .  T  P/d .
bT/  dVxP  Y\W .P TaLQLdV3P  PY
W V9y,P   ePYZW .B4 TaLQLd>VeP  4/YWcVyP   4.YQWcVM  nP[4/Y/d
=?>G@s>G'A yP   y!iT .  T  P/d .
bT/  dVxP  Y\W .B  TaLZL­d>VeP      Y



















aE @A   iT1.^Tf ".d .BCTAVQ^5Y/diV0.  T  P/d>VM  Y\OV  YYZW#SO4d













k@mZrsx@[n²Ærsx@mZwoa^]1YQ    ¢,8
aE @A    UO .B`TaLZL­d>V U Y\W .  CIWT4V
LZY/d
























S  T	  gST	
¤@a%XZa1wZ@a f  mq ®a%x@Y\wZrsx@[w¡n9va~m_¢^'xªwo@a   m ®9a%xSY\worsx@[)ilY\x@mZwoXZkilwoY]XomqYQwZ@a%moa>w¡n9va%ml¢y^QXoa
rj9a%x9wZrµ´4a%XomVu¤Sr|hsazwo@a /  mp4a%hsY\x@[qwZYqwo@a
[\Xl^'`>`^'X/Æ9al´xSa^'m&;Y\hshsY'¤m8
L0OL  ]bdDdDd3]*L  
^ O L]AL W^






f mp9n1woSaei§Y\XoXZa%mov4Y\x49rsx@[ #  m#8
L0OL  ]bdDdDd3]*L  
O]bdDdDd3]*
^  O L]*W ^  






rsx / ­ö¼£a19a%x@Y]woaqp9n ¬wo@a>woa%XZ` ^'mZmoY@ilrj^'wZa£¤rswZ=wZ@aqwoa%XZ`
p9n)wo@rsmp@r }lailwZr|Y]x¦­¨¼£aq¤XZr|wZa/  ² %  ! } ³#³³\ %   "#3 fN¢$#
^'x %   %6²[f'&(#*) +,)!- ³#³³\
f'&(#*) +.) / #0) + |f'&(#0) +.) 1³
9k@m 264^'mw¡n9va48
VL3 #*)!-,)!- W dJdDdWXL3 #*)!-,) / #*)!- W[L3 #0)!-.) 1 Y\W dJdDd
W VL3 #0) +.)!- WcdDdDdaW[L3 #0) +.) / #*) + WXL3 #*) +.) 1 Y\WcdDdDd
W VL 3 #0) 4 # )!- WcdDdDd*WXL 3 #*) 4 # ) / #*) 4 # WXL 3 #*) 4 # ) 1 Y
W[L5 # d









rsx9woa%[]a%Xom&Xoa~mov4ailwors©]a%hsn¢~­9¼£a´S wZ@acx^Qwok@Xl^'h¨ilY\x9©]a%x9worsY\xwo^Qwr  9o9Z² `\¢wZ@a%x² f ¢ #6^'x4





















;=?A@BDC9E FGHGDC UPyPR O   TUPyPR[]bdDdDd3]   T UPy,PR7d
Sa%x¬¤+a
k@mZay^'mc^QpY'©]a^w¡n9vaSm4op9uSrsx@^'pSr|wZa>p9n1^'whsa^'mZww¡¤+Y1r|mZworsxilw©\^Qhsk@a%m8





_AxPy`T UPy,PR Wcf ZO UxPyUT1.a_ TUPyPR d xPyUW V>_xPyb_AY/d





;=?A@BDC9E FG?= G3L TUPyPR Wcf "
O ePyUT'.*NTUPy,PR7dV>_xPy YQWcVL<YU]`T	  ]
ddDdU]  T
	  d
¤@a%XZa,/ rsmwo@aªwoa%XZ`p@kSr|hsw:XoY]`/  pn¸mok@pSmoworswZk@worsx@[¥ f \¢:Y]XqYi~ilk@XoXZa%xila~mY'Sf % u^'x4
 m*oAp \¢:Y\XY@i%i§k@XoXZa%xila%mY' # %  ß:Y\Xc^Qhsh¨©\^'hsk@a%m&Y' \¢%­
9k@m^Qmw¡n9va/ ­@¼£az¤Xorswoa/ ²«  !  ³#³³ «   " #\|f ¢ #¤@a%Xoa
«   % ²Æ m*oAp    %,! ¢






=?>G@s>G'A ePy 3Py`T ._7TUPyPR7d .  CgWTAV>_AxPy
_AY/d
VVUPyb_  Y\OV3Py _WYYZW V  OWY/d
Sa%x>:Y\Xa^]iZ±©  ³³#³ % ¤+a
^V©]a*8
=?>G@s>G'A NT .   CDW  T  dDdDdDd<.  # CDW  # T  # d
VV   idDdDd   # YQOV  WidDdDdIW  # YYZW V  
OWJY  dJdDd V   # OW  # Y/d
²SY\X&a^]io £
³³#³ % ¤+a^Qh|mZYy4^V©\a*8
=?>G@s>G'A ePy UT .  T*V>_AxPy!_ Y/d .
W T!  ,dDdDdJd<.
W  + T "   + d
E­VVUPy!_   Y\O V  W  dDdDdgW  + YY/d
zx:Y\X^'x9n¬ilY\k@vSh|aS© - rsx)
³³#³ % ml^'worsm:n9r|xS[3²  % u9¤&a
^V©\a48
=?>G@s>G'A   T .   T  dDdDdd<.  # T#$  # d .
W  T    dDdDdDd<.BW  + T     + d





			 !#"  $
;=?A@BDC9E FGLaZGb=E CE @*=   T'.*NTUPyPR d>VL<YZW VL<YZW Uy! /_
O  xPyeT . \TUPyPR d .  TV>_AxPy Y/d>VM  ­V3Py   YbV3Py   YY
]/   bT7dDdDd
] ddDd
]/  NT .   CgW  T #$  dV0.BZ  T4V>_xPy   $    Y/dDdDdDdM.
Z  #0)!- T4V>_xPy   $    #0)!- Y/dVM ,L   $   MV  +Z  dDdJdZ  #*)!- Y5VMW Z ±dDdJdZ  #*)!- YYYW dDdDd
W .  # CgW  # T #$  # d>V0.








[]r|©]a%x ^QpY'©]a\u¤@a%Xoa)f&Yt  mY]p\}lailwqat]k^Qhsr|w¡n)Y\xf¹r|mXoa~v@hj^\ila¸p9n£Y\kSX}	 
 at]k^Qhsr|w¡n9­²@Y]Xa^\iZ
©  % ¤+a
^V©]a*8
=?>G@s>G'A   `T .   CDW  T  d<.  # CDW  # T  # d
VM _ V%     # Y V\W  gW  # YY
W V0.BZ  T*V>_AxPy       Y/d <.BZ  #0)!- T4V>_xPy   $    #*)!- Y/dVM L      MSV   Z    Z  #0)!- YbVMW+Z  Z  #*)!- YYY
 
V0.BZ  TAV>_AxPy     #   Y/dM.
Z  #0) 4 # T*V>_AxPy     #   #*) 4 # Y/dVM       #  M V   # Z  Z  #*) 4 # YbVMW  # Z  Z  #*) 4 # YYY/d







aQGgbi=E C9E @4=5R:\O  L T*VUPyPRWcf "9Y/d .a_TUPy,PR7d  PW VL7_AY/d





9al´xSarsx1[\a~x@a%X_^Qh¬:Y\X&a^]ioªwoa%XZ`  Y'+^w¡n9v4a/ Y'6wZ@az:Y\XZ` 8
	 O VV>_AxPy      YQW aW V>_AxPy      - Y\W VL     M YYZW W VV>_AxPy      Y\W *WcV>_AxPy      4 Y\WcVL     M YYQWcVL_Y/dSawZa%Xo`rsmwoSa
:Y\hshsY'¤rsx@[f&Y@tqwoa~Xo` Y'6w¡n9v4a 9f
f   D g%¢	
  f
f  "# g%¢  9f f ¢,8
O  Z  T*VLZL     M Y/d  Z  TAVLZL     M Y/d  ZeTAVR "LZY/d












 _ TUPyPR dVMRP ST_ U  T
VMVb_  VYbVMZb_  Y  VMV _\V#YbVMS  eVL7_Y eVMZU_YY  VMV!_  VYbVMZb_  YY/d
SavSXoY}laVilworsY\xSm  ',68 )¡©8SoApo&%6³ )¡¬ 8*¬\o«³µ  %n§©ª« f¢
  fI©;¢^'XZay9al´4x@a¬p9n\8
6 SO  \TUPyPR d   T  P.d  ZeT*VR:  
LZY/d>VMZ   Y ­
Ç¡xwZ@a;Y\hshsY'¤r|xS[+9al´xSr|wZrsY\xYQY]k@X6i§Y^'XZmoa&at]k^'hsrsw¡n9u%woSawoa%XZ` % %no#¦uVmowl^'xr|xS[:Y]X `qkSh|wZr ®`1^Qvµu
rsmwoSaa%©9rj9a%x9wY\x@a48
aQGgbi=E C9E @4=     O  _TUPy,PR7d  C   T*VLQLn_AY/d .  T*VR:\_xPy,Y/d
VM   _0V  VRRPD_7xPy3L3Py  YY
V  NVRRPD_7xPyL ePy  YYY/d
a~Xoarsmx@Y'¤ Y]k@X&´x^Qh¨x@Y\wZrsY\x¬Y'at]k^'hsrsw¡nu]¤@rjiZ¬r|m´x@a~Xcwo4^'x¬wo@a
v@XZa%©9rsY\k@mzY\x@a*8
aQGgbi=E C9E @4=     O  _TUPyPR d  'CIATAVLZL_Y/d .  TAVR "LZY/dVM   _VM  YbVM  YY/d
=?>G@s>G'A         T1.a_TUPyPR d .





;=?A@BDC9E FGLaZGb=E CE @*= U  T .a_TUPyPR d>VLZL0_AY\W \s @
O U  y 1T'.a_TUPy,PR7d .  T  P.d .  TAVLQLn_AY/d>VM  S_  V[ _  YYQWcV U _  Y
] U  bT .  TAVLZL_DY/d .  bTAVLZL      MY/d<.   - T*VLQL     -  MY/d
VM    _  V $      - YYZW V U       M  YQW aW V U      -  M   - Y
W V U _   Y
]
] U    T .  TVLQLn_  Y/d .  bTAVLZL       MY/d<.   T*VLQL       MY/d
VM  S_  V $       YY\W V U       M   YZW W V U        M    Y
W V U _  Y/d
²SY\XwZ@a9a§´x@rsworsY\xqYQ# oA§©¤+ax@a~a>wo@azxkS`qpa%XZm   %, ¢Y'¦^'XZ[\k@`>a%x9womYQ¦w¡n9vaf\¢Y'¨woa%XZ`1mYQ






;=?A@BDC9E FGLaZGb=E CE @*=UUP  ST .x  CC.x  T  P.d .a_ TUPyPR d>VLQLn_AYZW\s @
O 3P y1  UTdDdJd
]*eP   y 1 NT .  T*VLZL<  Y/d .x CCx T  P/d . T  P/dV6d x  Y
WcVM     V[ : *YYQWcVUPx  .x     Y
]
]*eP     T .  TAVLQLn_  Y/d .  bT4VLZL      MY/d\.   # TAVLZL     #  MY/d
VM  S_  V       # YY\W
V3PVx 
     YDVx  $    Y      M   Y\W  W
V3PVx 
   #   YVx    #   Y   $  #  M   # Y\W V3Px  .x  _  Y/d
]






			 !#"  %
#SoAp # oAp m*oAp9u # oAp  % m*oAp1^Qx   % m*oAp19Y>x@Y\wilY]x9w_^'rsx=^Qx9n  ,9o^'mZmok@`>v@worsY]x¦­@¼£aal@v^'x4
wZ@ahj^'mZwmoa%XZr|a~m   m*oAp¤@rjio9YqilY]xwl^'rsx¬wo@a~moay^QmomokS`1v@wZr|Y]x@m­
=?>G@s>G'A    xPy`T .   CgWbT*VLQL      MaY/d<.   # CDW  # T4VLZL     #  M#Y/d
V U    $   M  DYQWcV U    $   M WDYZW JV U    $  #  M   # YQWcV U    $  #  MW  # Y
W VM  
_V      # YbV  W   gW  # YY
W VM     $   M   W  Y   7VM       #  M  # W  # Y/d
SavSXoY9Y'Y'wo@a^QpY'©]awZ@a%Y]Xoa%` k@moa~mwZ@az:Y\hshsY'¤rsx@[
hsa%`1`¬^8
=?>G@s>G'A U        O ._TUPyPR d .  TAVLQLn_AY/d>V U 3_  YQW .  CgWT*VR:LZY/d
V0.  UTUPyPR7d .  T  P.dV     YQOVMW    YY\W VM   _V   Y V  WYY/d
^Qx@³9mwoYwZ@ai§Y^'XZmoa>r|xV}lailwZr|Y]x£v@Xorsxi§r|vSh|a]u¦¤&a1i%^'x£mZw_^Qwoa1wZ^'wY\kSXw¡¤+Y¬x@Y]worsY\xSmY'cat]k^Qhsr|w¡n
ilY]rsxilrj9aY]x !h,#7hD&woa%XZ`1m#8
=?>G@s>G'A      7T1.a_TUPyPR d .PTAVLZL_Y/dV U e_7PYZW .
4
T4VLZL_Y/dV U _4/Y
W VM    _7P[4.YQWcVM    _7PH4.Y/d
cm>pa§:Y\XZa\u&wo@aª´XomZw¬v^'XZw1Y'wZ@arsx}lai§worsY\x vSXorsxilrsv@hsa=ilY]XoXZa%mov4Y\xr|xS[ wZY   
 
 ux^'`>a%hsn£wo@a
wZ@a%Y\XZa%`1m    , p ,u    , %q^'x   %q9Y>x@Y\w
ilY\x9wl^'rsx=^'x9n ,o^'momZk@`1vSworsY\x¦­9¼£aal@v^'x¾wo@a
hj^'mZwmoa%XZrsa%m    ¤Sr«iZ9Y1ilY]x9w_^'rsx>mokiZ=^Qx^'mZmok@`>v@worsY]x¦­
=?>G@s>G'A  QT .   T*VLQL   $   M Y/dV U    $   M   YZW .BW  T*VLQL   $   M Y/dV U    $   M W  Y
W W3.  # TVLQL     #  M Y/d>V U      #  M  # Y\W .BW  # T4VLZL     #  M Y/d>V U    $  #  M W  # Y
W VM    _  V        # Y V   W gW  # YY
W VM         M   WJY   7VM      $  #  M   # W  # Y/d








 )6À9Ä4'À 9*Z!A	*h,UkUhDD JD*h,3kJJk4Di!A.k
	j	lh 
	AD.kDh5AJ4j#S	Uk	 
k }h,  hUk**k#j*h S	A.hjh,D5¬ %o 7 6kakDlhQh (
	.	 QhJJh	~Aj7hJ",hiJh0 }4h




	.	~	 Qhe Dh  ehSDJh	jShJ",hiJh ehDDh  	DhDkDlhSkJhSD,JhDDU!#"e Dh!
	.	~		  ~ihDh hJJh SklhhDiJ# D!







[\a%xSa%X_^Qwoa%mf&Y@tqw¡n9v4a%m f   ¢  mc^'x4
ìì Û!µ
lð 
     hhJ
	-Z 	D 	
 f
f  % ¢  mu]woSav@Xoar«i~^'woa # oA§©^'xat]k^'hsrsworsa%mb  




SaqY\p\}lai§womqY' ®  & ^'Xoaª :rsx9a§aV£p9n@¢
moat]k@a~xila%m>Y' ¬¸x^'wZk@X_^Qh+rsx9woa~[\a%XZmu^'x4)v@XoY@9ki§wyYQ
Y]p\}lailwZm ilY]XoXZa%mov4Y\xmywZY¾^]@9rsworsY]xY'+mZat]k@a%xi§a%m­¼£a 9a~x@Y\wZaqpnfqwo@aqY]p\}lailwr|x49al@aªpnªwo@a




wZY9a%mlilXorsp4a	6%¬ f6(¾¢*:Y]Xcrsx9aVilY\`>vY]m_^'pSh|a   mV­Sayrsx9aVilY\`>vY]m_^'pSh|aY\p\}lai§wom
^QXoawZ@Y\mZarsxal@a¸pn¸wo@a¬rsx9aVilY\`>vY]m_^'pSh|a>rsx9rjila%mVux^'`>a%hsn
  8u²$ l$6`6#³³#³6`\¢%u³#³³lu  8u²
 Q`6#³³#³6`6V¢%­S¼£aw_^Q³\a
:Y]X	6%¬ f  6Df  + ¢woSamoa%w
YQf&Y@t>woa~Xo`1mb«cYQw¡nv4aq f











 )6À9Ä4'À  *Nh® Dhk hDD JJ4hkJJk4D!A.k7j	lh6k#S	h`Dhl#	4eJ.k#.h }h,A 
Qh hDkDh	k6Dk#.hj!S®   &n	  ka9AJk 7	 , }A	 
	7h 
JJD*h,bkD5 e® 
9k@mu:Y]X1^£mZailY\x4]®Y]X_9a~X=^'p@mZwoXl^\ilw¬mon9x9w_^¯ [\rs©\a%x¥p9n ^£±¦²¹mors[]x^'wZk@Xoa£^'m>r|x $S­|]u¤&a^V©]a
rs`1vSh|a~`1a%x9woaV¬´XZmowqY]X_9a%XqwZa%Xo`>m1 ;r¡­ a]­¦wZa%Xo`>my¤@Y]moa¬w¡n9va¬^QmymZ^'v4a L  - W W L
 W L  1 ¢













¤@Yk@mZaa~r|wZ@a%Xzwo@aSWXZY\hsY\[hj^'x@[]k^'[]aS' c]#+ou Y\XwZ@a°h 6hj^'x@[]k^'[]a'ÜW:aV\,+
 ¡^'x¬rs`1v@hsa%`>a%x9w_^'wZrµY]xyYQ6woSae±²£±¨Y][\rji%^'h¨²SX_^'`>a%¤&Y\Xo³@¢~u\p4Y\wZ1;Y\X&¤Xorsworsx@[moa%`¬^'x9worjilm&Y'¦hj^Qx@[\k^Q[\a%m
'Ü ª\#+.'Üc^QX_`D+c^'x :Y\X9a%©\a~h|Y]v@rsx@[v@XZY9Y':mrsx£wo@Y]moa1mZa%`^Qx9worjilmn'ÜcW\b#+.' WS/+.' Wc@+o­6WXoY9Y':m











			 !#"  )


















y1! T .B`TaLQLd .xT*LQLd>Vy1!V	5_#_7VQPR;YxY A T4V  







woYq©]a%Xor :n>wo^QwcwZ@a r i§k@hsworsa%m¤&a^V©\a
a%x4ilY\k@x9wZa%Xoa£i§Y\k@hj¬x@Y]wpaY'©\a~X_ilY]`1a
wZ@a%Xoarsx^QxaV^'morsa%X¤^Vn9­







































'ÜczW*)a+ ­+z^'Xov4a%XVu²&­Y]x@moa~h|h¡u&^'x q­&WhsY\wo³9rsx¦­  :Xl^'`1a~¤+Y]Xo³):Y]X9al´4x@rsx@[£hsY\[\rjilmV­ Ç¡x
Ço°°°u@aV9rswoY\XVu bJ#JhDhD	~AjS h ,hDDi ¡nA.h,k#	ik! hDhiJh  ZDj	






'Ü ª\#+ 4­@c^Qx@x^'x¬^'x71­ ¬rshsh|a~X­¦°xSXorjiZ@rsx@[ ^e`1a%wl^V¡h«^Qx@[\k4^'[\a&¤rswo>@rs[\@a%X®Y]X_9a~X:aV^'wokSXoa%mV­
Ç¡x !J#DhDhJ	Aj#  h0 #D   hk  !JjJk  	Aj6	 Zja	 !DDjJk  	Aj
U	D. u9\k@x@aqV\\S­
'ÜcW\b#+ 4­¨c^'xSx^'x^'x4²&­4W:a%x@xSr|xS[­f&Y\`>v@rsh|a~X+©]a%Xor ´ i%^QworsY\x¬rsx±¦²&­&Ç¡x¬Ço°°°u4a9rswZY\Xu !J 







^Q@x¦­ z^'wZk@X_^QhmZa%`^Qx9worjilm­9Ç¡x !DDhDhD	Aj#3 bhb  3  QhD,	DkhJ` 
! 3i4h,e¡	hDh 5kaJk `h,7k 'u¨V\4)@­^'hsmoYy^V©\^Qrsh«^Qp@hsa^Qmc^y*a%moaV^'X_iZ=*a%v4Y\Xow
z&  /`S\u]Ç¡x@Xorj^@u@Y\v@@rj^¯®zxwZrsvY]h|rsmVu\²@a~p@Xok^QXon£]*)S­
' z\#+ 1­ ¬rshshsa%Xq^'x q­ c^]@^'wZkSX­¸cx¥Y'©\a%XZ©9r|a~¤GYQ ®v@XZY\hsY\[4­£Ç¡x¬Ç¡GWXZa%momVu&a9rswoY]Xu






a~hµl­¦Ç¡x±¦^QXomcz^'hshsx^Qmu]a9rswoY]Xu !DDhDhD	Aj# eh ¡hDJ  DD 
	 #h,A	
















'ÜW:aV\#+ ²&­@W;a%x@x@rsx@[4­°h J8\Æhj^Qx@[\k^Q[\a*:Y\X&hsY\[\rji9a§´x@rsworsY\x^Qxq©]a%Xor ´a>`>a%w_^Qv@XoY][\X_^Q`1`qrsx@[@­
Ç¡x!DDhDhD	Aj#n  h n 			   3 3 ZDj	 ! e4.h\	h,Dh
 	t }k U!k>	  	k \u@\kSx@a1]\S­
'ÜW ]b#+ f&­W^'k@hsrsx9 ¬Y\SXorsx@[­VÇ¡xkilwors©]a+9al´xSr|wZrsY\x@mr|x
wZ@amon9mZwoa%` ilY@t­~Xok@hsa%m^'xev@XoY]va%XZworsa%mV­
Ç¡xq4­Ü²+­ 
XZYY]woa £­\¶a!$%a%`)u\ar|wZY\XVu !DDhDhD	jS Uhb,Ah,ka9	k!h,Jh,Dh






'ÜWz@D+ ²&­W:a~x@x@rsx@[ ^Qx °­*Y\9¤+aV@9a%XV­ºÇ¡`>v@hsa%`1a%x9wZr|xS[wo@a)`1a~w_^V¡woSa%Y\XZn·Y'q9a9ki§wors©\a
mZn9mowoa~`1m­Ç¡x !DDhDhD	j  h7Z 	6! hDhiJh~u¨]@]­
äjÿì¦äjê
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